Rats were immunized with a Trichinella spiralis infection restricted by chemotherapy to the intestine (the T/ M regime) or with a complete infection that resulted in the deposition of muscle larvae. After an oral challenge infection, rapid expulsion could be demonstrated in both groups within 20 min and with 100% recovery of the infectious dose from the stomachs and intestines of infected animals. Immune and nonimmune groups were distinguished by the large numbers of worms in the intestinal lumens of immune rats and large numbers of worms in the intestinal walls in nonimmune rats. Infectious larvae persisted in the stomach lumens for longer in the immune rats. There was no quantitative difference in worm distribution in the intestine during rapid expulsion in rats immunized with the T/M regime or those given a complete infection. However, in the complete infection group 69% of the luminal worms were trapped in mucus; this did not occur during rapid expulsion in rats immunized with the T/M regime. Mucus trapping was observed only when muscle larvae had matured to the infectious stage in muscle (28 days after the primary infection). Complete infection rats challenged at 14 or 21 days did not display significant mucus trapping of larvae in the intestinal lumen. We conclude that (i) mucus trapping is not essential for rapid expulsion and (ii) mucus trapping is produced by systemic exposure to target antigens of the infectious larvae.
Laboratory rodents express resistance to intestinal nematodes through a variety of antigenically and mechanistically distinct processes (9, 15, 16) . One of these host responses, rapid expulsion, only occurs during a challenge infection (3) and can provide more than 95% protection. This reaction has been described in rats and mice infected with Trichinella spiralis (1, 7, 9, 19, 22) and in rats infected with Strongyloides ratti (2) or Nippostrongylus brasiliensis (20) . The reaction therefore appears to be a major intestinal defensive mechanism that operates against several species of intestinal parasite.
The features that distinguish rapid expulsion from other expulsive intestinal immune responses are the speed with which worm rejection is accomplished in a challenge infection, the 90 to 95% completeness of this effect, and its nonlethal nature for the parasite. McCoy (19) , in his original description of rapid expulsion, demonstrated a reduction in worm number as early as 3 h after an oral challenge of immune rats with T. spiralis. Subsequent studies by Russell and Castro (22) demonstrated an effect at 15 min in the intestines of rats challenged intraduodenally with T. spiralis. Such a prompt response suggests an immediate hypersensitivity-like reaction, and this has been proposed by Miller et al. (20) in conjunction with mucus release from intestinal goblet cells (17) . The possible role of immunoglobulin E antibody in rapid expulsion has been called into question by the experiments of Lee and Ogilvie (18) and Bell et al. (8) , both of whom failed to find inhibition after administration of classical antihistamines and antiallergens to immune rats. The kinetics of rapid expulsion remain the major argument for reaginic antibody involvement. The phenomenon of mucus trapping during rapid expulsion has received considerable recent attention, and it has been advanced as the final mediator of the reaction (18, 20) . Lee and Ogilvie (18) * Corresponding author.
suggested that mucus trapping required the presence of immunoglobulin G antibody to be effective. To date, all investigations of mucus release have relied on the association of events with the challenge infection, and none has determined whether mucus trapping is mechanistically essential for rapid expulsion.
In the experiments outlined here we provide the first quantitative analysis of rapid expulsion in which 100% recovery of the challenge dose is obtained in rats infected by the natural, oral route. We use this method to show that mucus trapping is not an essential or required component of rapid expulsion. In addition, we show that a prerequisite for mucus trapping is exposure to mature muscle larvae. Mucus trapping is not induced by exposure to the intestinal phases of the infection alone, but the rapid expulsion reaction is induced by this process.
MATERIALS AND METHODS Animals. Male and female rats of the inbred AO strain, weighing between 125 and 250 g, were used in all experiments. The animals were bred and housed in the James A. Baker Institute Animal House, which has a 12-h light/dark cycle and constant temperature and humidity. Rats were given ad libitum access to food and water.
Immunization procedures. Two distinct procedures were used for immunization of rats. The effectiveness of the T/M regime in producing rapid expulsion has been described previously (3) . The T/M procedure consists of an infection with 2,000 worms, feeding the rats a diet that contains 0.05% thiabendazole (courtesy of W. C. Campbell, Merck & Co., Inc., Rahway, N.J.), followed by the termination of the intestinal infection by an injection of methyridine (300 mg/ kg) on days 10 and 11. Rats were usually challenged 5 days after methyridine injection. The important feature of this procedure is that it prevents muscle larvae from developing; hence, intestinal immunity alone is examined. The second Based on these experiments the following procedure was adopted for a full intestinal count. Immediately after death the abdomen was opened and the esophagus was cut just above its entry into the stomach. The intestine was pulled free of mesentery and cut just above its junction with the cecum. The cut end was held closed to prevent fluid escape, and the intestine and stomach were held over the collecting tube. The intestine was severed immediately below the pylorus, flushed with ca. 30 ml of saline into the tube, and then slit longitudinally and placed in a petri dish containing saline. The stomach was then opened along its lesser curvature, and the contents were flushed with ca. 20 ml of saline into a collecting tube. Worms were collected from saline after 4 h of incubation at 37°C, and the intestine was then kept for a pepsin-hydrochloride digest to collect worms that had not migrated out.
The procedure for removal of stomach and intestine takes about 4 min per rat, and to keep the time of harvest standardized each rat within each group was numbered and given the challenge infection at 4-min intervals. The intestinal transit time was not found to vary consistently between normal and immune rats, and the leading edge of worms had usually reached the cecum by 45 to 60 min after challenge.
Complete worm recovery was not possible after this time.
Estimation of mucus trapping. Preliminary experiments indicated that an absolute count of worms trapped in mucus was difficult due to its thickness and consistency. Therefore, each luminal washout was examined briefly for mucus trapping; when this was observed the mucus was removed with a Pasteur pipette to a second petri dish from which large globules of mucus were separated and compressed between two microscope slides for worm counts. With this technique complete recovery of challenge worms was possible.
Statistical analysis. Experimental groups were compared by using Student's t test. Probability values equal to or less than 0.05 were considered significant. RESULTS Early dynamics of rapid expulsion after intestinal immunization (T/M regime). In this sequence of experiments the intestine was incised at the point of furthest penetration of the marker chromic oxide in the intestinal lumen. The intestinal luminal contents below the marker were counted, and the portion of the intestine from the pyloric sphincter to the leading edge of the marker dye was divided evenly in two. Each half of this proximal segment was counted separately. To ensure complete worm recovery each segment was washed out, split open, and incubated at 37°C for 4 h and then removed for digestion with pepsin-hydrochloride. Worm recoveries are shown by segment in Fig. 1 and tabulated in Table 1 . The data illustrate several distinct differences between the control and immune groups. Total worms recovered above the marker (Table 1) was the same for both groups, but more than 90% of the worms in the immune group were in the lumen (i.e., could be washed out with saline), whereas only 18% of the worms in control rats were found in the lumen. The figures were reversed for worms that had attached to or penetrated the mucosa; only 6% of the worms in immune rats were in this site, but 82% were present in the control. A second effect observed in several different experiments was the slower movement of worms from the stomach to the intestine in immune rats.
An average of less than 2% of intestinal worms were recovered below the dye marker, whereas worm recoveries were 100% for both groups. Rapid expulsion was clearly evident at 20 min, but there was no indication of mucus trapping in either the immune or control group. This was determined for each sample by low-power microscopic examination of intestinal contents within 30 min of the luminal washout.
Intestinal worm distribution 1 and 2 h after challenge. To illustrate the progressive nature of the reaction, this experiment was repeated and rats were harvested for worm counts at 15 and 20 min and then 1 and 2 h after oral challenge (Fig.   2 ). At 15 min there was no difference in the stomach burden, but already pronounced differences were apparent in the luminal count versus the mucosal count of immune and nonimmune rats. A distinct difference in stomach counts was evident by 20 min and was still present at 1 h (Fig. 2A) . By 2 h essentially all the larvae had left the stomach in both groups. Luminal counts were invariably higher in the immune group and reached their peak for both immune and control groups at 20 min. The low absolute luminal count for nonimmune rats (Fig. 2B) (Fig. 2C) , and the eventual fall in luminal counts in the immune group reflects the passage of worms into the cecum (Fig. 2D) . The apparently high intestinal penetration of worms in the immune group at 2 h is a reflection of one aberrant rat with a high wall count (but a low digest count), suggesting that the lumen had been incompletely washed out. That result was exaggerated by the fact that total worm recoveries were dropping in the immune group due to the passage of worms into the cecum and large intestine; hence the percent recovered was proportionately larger. Intestinal worm counts at 24 h showed that immune rats had 55 ± 37 intestinal worms and nonimmune rats had 795 ± 140 intestinal worms.
Expression of rapid expulsion and mucus trapping after a complete infection. Rats were immunized with a complete infection resulting in the establishment of muscle larvae and challenged four weeks later. Rapid expulsion was expressed as shown by counts of worms embedded in the intestine ( Table 2 ). The only quantitative difference between these data and those of Table 1 and Fig. 1 was the trapping in mucus of 69% of the worms found in the intestinal lumen. Such a striking difference in mucus trapping appeared to be related to the prior deposition of muscle larvae. To explore this association we conducted an experiment in which rats were challenged with infectious larvae beginning 14 days 20 min after the challenge infection (left histogram). Rats were immunized with 2,000 muscle larvae, fed diets containing 0.05% thiabendazole from day 3, and injected with methyridine on days 10 and 11. Food was removed on day 15, and both groups were challenged with 2,000 larvae mixed with chromic oxide on day 16 . Data are given as mean absolute count above and below the marker dye of worms free in the lumen, worms that migrated from the mucosa into saline, and those recovered by digestion of the intestine. In the right histograms the total percentage of recovered worms found in the stomach and intestinal lumen (upper) or in the wall (migrants plus digest; lower histogram) is shown for immune and nonimmune rats. These differences are highly significant. Means of five rats per group. 
TIME AFTER CHALLENGE INFECTION

FIG. 2. Sequential distribution of worms after a challenge infection of immune rats (O; immunized with an intestine only infection;
see Fig. 1 ) and control rats (0). Each point represents the percentage of total recovery from that site in groups of four or five rats. (C) Individual counts at 2 h were: immune, 555, 58, 23, 146, and 38; nonimmune, 547, 493, 593, 580, and 575 (one aberrant immune count artificially raised the percent recovery in this group, but the difference between groups is highly significant despite this one result).
after a complete, non-drug-treated infection. The results (Fig. 3) showed that rapid expulsion was strongly expressed at 14 and 21 days but that mucus trapping was slight. In contrast, by 28 days large numbers of intestinal worms were trapped in mucus.
The appearance of mucus trapping at 28 days but not before could suggest a maturational process of the effector of mucus release in the intestine. If so, it is likely that rats immunized with the abbreviated T/M regime would also display mucus trapping at this time. In two separate experiments (Table 3 ) rats immunized with the T/M regime displayed rapid expulsion at 28 days but no mucus trapping. DISCUSSION The data reported here demonstrate that rapid expulsion is readily demonstrable and fully quantifiable 15 min after an oral challenge infection. Rapid expulsion thus appears coincident with the first intestinal penetrants. It is also clear that a precise map of the distribution of all the worms in a challenge inoculum is possible within the first 30 min of the challenge infection. After this period, a full accounting of the inoculum is restricted due to the passage of the worms into the cecum and large intestine. At no stage could we find consistent evidence for a faster transit of worms in immune versus control rats, and free luminal worms invariably moved with the leading edge of the chromic oxide marker. These experiments have demonstrated that mucus trapping is not a prerequisite for the expression of rapid expulsion and that mucus trapping with a challenge infection is dependent on the maturation of the muscle larvae stage of T. spiralis. Considerable attention has been focused on mucus trapping, and this process has now been proposed by several authors (18, 20) as the final mediator of rapid expulsion. We had searched for the mucus trapping phenomenon by using the T/M regime (3, 4) on numerous occasions and under a variety of conditions, but trapping was never observed. The concept that trapping might be dependent on a nonintestinal component of the infectious process was ultimately suggested by earlier work which demonstrated that without development of the mature muscle larvae stage, rapid expulsion was short lived (4). The requirement for maturation of the larvae is amply demonstrated by the data in Fig. 3 and in our earlier studies in parabiotic rats showing that the antigenic stimulus for transfer of rapid expulsion was contained in crude muscle larvae homogenates (5, 6) . Further support for this argument is provided in the absence of mucus trapping in rats immunized with a drug-abbreviated infection, in which muscle larvae deposition does not occur (9) . This concept also agrees with the demonstration by Despommier et al. (12) that larval maturation to the infectious stage takes 18 to 19 days. Since the first newborn larvae are not shed until 5 days after infection commences, the earliest mature larvae will be present 23 days after infection begins. This coincides precisely with the first appearance of mucus trapping at 28 but not at 21 days. Presumably, the maturation process results in the secretion, by the mature larvae, of one or more substances that are subsequently critical for intestinal penetration or are released by the larvae during penetration. The fact that mucus trapping is not triggered before 28 days in rats given a complete infection suggests that these molecules are not produced by the newborn larvae or by the developing muscle larvae.
If mucus trapping is not necessary for the short-lived rapid expulsion reaction demonstrable after intestinal stimulation alone, does it have a role at any time? The long-term rapid expulsion response appears to be associated with larval trapping in mucus. To date, no experiments have been done to determine whether this is a cause and effect relationship or merely another "associated event" of intestinal immunoparasitology. Without this evidence, there are two possible explanations for these observations. (i) Rapid expulsion does not require mucus trapping. The establishment of mature muscle larvae prolongs rapid expulsion by increasing exposure to the relevant larval antigens and also, independently, stimulates immune mucus release in the intestine. (ii) There are (at least) two mechanisms of rapid expulsion. One is short lived and dependent on intestinal stimulation; the second is long lived when antigen is continuously presented and acts through immune mucus release in the gut. Both of these possibilities are being investigated.
The results presented here provide a means of bringing together the observations of several laboratories into a unified description of the process of rapid expulsion. Rats have now been shown to mount rapid expulsion-type reactions to N. brasiliensis (20) and S. ratti (2) in addition to T. spiralis. After a natural infection, rapid expulsion is short lived with both N. brasiliensis and S. ratti, neither of which possesses a permanent systemic phase of the life cycle in the definitive host. When T. spiralis infections are drug modified to prevent muscle larvae establishment, rapid expulsion persists for only 5 to 6 weeks, a time identical to that described in rats infected with N. brasiliensis (20) . These data are mutually reinforcing and strongly suggest that rapid expulsion is induced by larval antigenic stimulation in the intestine for each of these nematodes. Furthermore, the T. spiralis data presented here and earlier indicate that with continuous systemic larval antigenic stimulation, rapid expulsion can be indefinitely prolonged beyond the 5-to 6-week period (3, 4) . This could be experimentally verified by giving rats infected with N. brasiliensis continued systemic injections of larval antigen. Under these conditions rapid expulsion should be prolonged for as long as injections are given.
It is of considerable interest that immune mucus release in the gut appears to require systemic exposure to antigen rather than intestinal exposure. The two best described examples of mucus-associated rapid expulsion are in rats infected with T. spiralis and rats infected with N. brasiliensis (20) . In both, the systemic presence of larvae (i.e., the target phase of the infection) occurs before mucus trapping of larvae is observed in the intestine. With N. brasiliensis infections systemic exposure occurs before the intestinal phase, while the larvae are migrating parenterally. With T. spiralis, larval exposure occurs after the intestinal stage during muscle maturation. This difference in sequence does not seem to be important, as mucus trapping occurs with both. However, the sequence of systemic larval exposure does influence the time at which mucus trapping is first seen in the intestine. It is unlikely that intestinal exposure to larvae or their products can produce mucus trapping by itself. This is the first site of contact with T. spiralis larvae in rats, but mucus trapping does not occur during or after intestinal infection alone, and even after a complete infection it takes until 28 days, at which time muscle larvae have matured systemically. If this analysis proves to be correct, then the stimulation of an intestinal immune defense mechanism by systemic immunization provides a contrast to the view that systemic stimulation can depress intestinal immunity, or its converse, that oral immunization suppresses systemic immunity (10, 11, 13, 14, 20, 21) . Regardless of the actual role of mucus in the rapid expulsion reaction, the biological and immunological basis for the potentiation of immune mucus release in the intestine is a fascinating question that can be addressed with this biological system.
